We report on a Pt͑8 nm͒/Rh͑200 nm͒ metallization scheme for use in low resistance and high reflectance ohmic contacts to p-GaN for use in flip chip light-emitting diodes ͑FCLED͒ applications. The thermal annealing of a Pt/Rh contact at 500°C led to linear current-voltage characteristics with a specific contact resistance of 9.0 ϫ 10 Ϫ5 ⍀ cm 2 while the as-deposited Pt/Rh contact showed nonohmic characteristics. It was also shown that the 500°C annealed contact produces a high reflectance of 62% at a wavelength of 460 nm. Auger electron spectroscopy depth profiles and glancing-angle X-ray diffraction results indicated that the low contact resistance of the annealed sample can be attributed to the formation of Ga-Pt and Ga-Rh intermetallic phases. Furthermore, the electrical performance of an FCLED with the Pt/Rh reflector scheme was superior to that of a FCLED with a Ni/Au/Ag reflector scheme. © 2004 The Electrochemical Society. ͓DOI: 10.1149/1.1825382͔ All rights reserved. Since the successful realization of short wavelength lightemitting diodes ͑LEDs͒, GaN-based materials have been extensively investigated in attempts to achieve high brightness and high power LEDs. Several types of LED configurations such as resonant-cavity LEDs, 1 truncated-inverted-pyramid LEDs, 2 surface-textured LEDs, [3] [4] [5] and flip-chip type LEDs ͑FCLED͒ 6-11 have all been reported to enhance light extraction. Among these, the FCLED in which the LED chip is flip-chip mounted on metal heat sinks and the light is emitted through the sapphire substrate rather than through a semitransparent current spreading layer on top of the p-GaN is believed to be a promising device structure that permits a high power as well as a high brightness in LED. In order to achieve a high performance FCLED, the formation of high quality ohmic contacts with a low resistance, a high reflectance, and a high thermal stability is technically important.
Since the successful realization of short wavelength lightemitting diodes ͑LEDs͒, GaN-based materials have been extensively investigated in attempts to achieve high brightness and high power LEDs. Several types of LED configurations such as resonant-cavity LEDs, 1 truncated-inverted-pyramid LEDs, 2 surface-textured LEDs, [3] [4] [5] and flip-chip type LEDs ͑FCLED͒ 6-11 have all been reported to enhance light extraction. Among these, the FCLED in which the LED chip is flip-chip mounted on metal heat sinks and the light is emitted through the sapphire substrate rather than through a semitransparent current spreading layer on top of the p-GaN is believed to be a promising device structure that permits a high power as well as a high brightness in LED. In order to achieve a high performance FCLED, the formation of high quality ohmic contacts with a low resistance, a high reflectance, and a high thermal stability is technically important.
Concerning the ohmic contacts to p-type GaN for applications to an FCLED, Ag-and Al-based ohmic contacts have been extensively studied. [8] [9] [10] [11] It has recently been reported that the oxidized Ni/Au/Ag scheme shows high optical reflectivity and a low contact resistance which is stable at temperatures of up to 100°C. 8 However, it was further shown that the Al-and Ag-based ohmic reflectors have poor thermal stability at high temperatures above 100°C, leading to device degradation even though the reflectance is relatively higher than 70%. 8 The poor thermal stability can lead to the poor reliability characteristics in FCLED performance. Al is also known to be a poor contact material to p-GaN. Therefore, it would be expected that the high contact resistance would result in poor current spreading in the ohmic reflector, resulting in an increase in the forward voltage and a decrease in the output power of the FCLED.
In this paper, we report on Pt͑8 nm͒/Rh͑200 nm͒ ohmic contacts to p-GaN, in an attempt to develop a high performance FCLED. Furthermore, the electrical characteristic of the FCLED was found to be further improved by the Pt͑8 nm͒/Rh͑200 nm͒ reflector scheme compared to the conventional Ni͑5 nm͒/Au͑5 nm͒/Ag͑200 nm͒ reflector scheme.
Experimental
Metallorganic chemical vapor deposition ͑MOCVD͒ was employed to grow a 0.1 m thick p-GaN:Mg with a hole concentration of 3 ϫ 10 17 cm Ϫ3 , an InGaN multiple quantum well, and n-GaN:Si on the ͑0001͒ sapphire substrate. The wafer was ultrasonically degreased in trichloroethylene, methanol, ethanol, and rinsed in deionized ͑DI͒ water for 5 min. In order to measure the contact properties, the circular transmission line model ͑CTLM͒ method was employed. Prior to the fabrication of the CTLM patterns, CTLM patterns were defined by a photolithographic technique. The radius of the inner circular pads was 200 m and the spacing between the pads was 5, 10, 20, 30, 40, and 50 m. Metallization patterns were defined using a lift-off technique. Prior to the deposition of the metal films, the CTLM patterned layers were dipped in a buffered oxide echant ͑BOE͒ solution for 30 s. The Pt͑8 nm͒/Rh͑200 nm͒ films were deposited on the p-GaN using an electron-beam evaporator system. The samples were then heat-treated under an N 2 ambient at a temperature of 500°C for 1 min. To fabricate a FCLED with a chip area of 300 ϫ 300 m 2 , a Ni͑30 nm͒/Au͑80 nm͒ metal scheme was employed as a p-bonding pad on the Pt͑8 nm͒/Rh͑200 nm͒ reflector scheme, and the Ti͑30 nm͒/Al͑80 nm͒ as an n-bonding ohmic pad on the n-GaN. In addition, the conventional Ni͑5 nm͒/Au͑5 nm͒/ Ag͑200 nm͒ scheme for p-GaN was also employed as a reference reflector to compare with the Pt͑8 nm͒/Rh͑200 nm͒ reflector used in the FCLED. Current-voltage (I-V) measurements were performed using a parameter analyzer ͑HP 4155A͒. To investigate the extent of interdiffusion between the metal layers and the p-GaN, Auger electron spectroscopy ͑AES͒ analysis was carried out using an Auger microscope ͑PHI 670͒ with an electron beam energy of 10 keV and a beam current of 0.0236 A. Glancing angle X-ray diffraction ͑GXRD͒ measurements ͑using Cu K␣ radiation͒ were employed in a Rigaku diffractometer ͑D/MAX-RC͒ to investigate the interfacial reaction products formed during the thermal annealing. The light reflectance of the ohmic reflector schemes was measured using a visible spectrometer.
Results and Discussion
As shown in Fig. 1 , the I-V characteristics for the Pt͑8 nm͒/ Rh͑200 nm͒ contacts on p-GaN exhibit a near linear I-V behavior for the as-deposited Pt/Rh contacts and a linear behavior for the Pt/Rh contacts annealed at 500°C. Specific contact resistances were determined from plots of the measured total resistance vs. the spacing between the CTLM pads. The specific contact resistance was estimated to be 2.0 ϫ 10 Ϫ3 ⍀ cm 2 for as-deposited Pt/Rh and 9.0 ϫ 10 Ϫ5 ⍀ cm 2 for the annealed Pt/Rh. This clearly shows that the specific contact resistance is directly dependent on the annealing temperature and can be dramatically reduced by adjustment of the thermal annealing process. The improvement in the contact resistance in the Pt/Rh contacts may be related to several factors, such as the formation of interfacial reaction products and an increase in the contact area between the metal films and the GaN due to interfacial reactions, as is described below. Figure 2 shows the light-reflectance characteristics of the Pt͑8 nm͒/Rh͑200 nm͒ contacts. An Ag ͑200 nm͒ film deposited on a bare wafer ͑p-GaN/sapphire͒ was used as a reference to calibrate the reflectances. The measurements show that the light reflectance is 52% for the as-deposited Pt/Rh scheme and 62% for the annealed Pt/Rh contact at a wavelength of 460 nm. It should be noted that the thermal annealing leads to an improvement in light reflectance by ϳ 10% in the case of the Pt/Rh contact scheme. The surface morphology of the as-deposited and annealed Pt/Rh contacts was characterized by using atomic force microscopy ͑AFM͒. The root mean square ͑rms͒ roughness of the as-deposited and the annealed contacts was measured to be 2.0 and 1.5 nm, respectively. This result showed that the surface morphology of annealed contacts was improved compared to that of the as-deposited contacts. These AFM results indicate that the increase in light reflectance can be attributed to the improvement in the roughness at the interface, as indicated by the AFM measurement of surface morphology.
In order to understand the mechanism involved in the improvement in ohmic properties and the light reflectance, AES depth profiles of the annealed Pt/Rh contacts were obtained. Figure 3 shows Auger depth profiles of the Pt/Rh contacts on p-GaN before and after thermal annealing. Concerning the as-deposited contact, there is no obvious evidence for interdiffusion between the metal layers and the GaN as shown in Fig. 3a . However, for the contact layers annealed at 500°C, a small amount of Ga diffused into the Pt layer, as shown in Fig. 3b , which is indicative of the formation of Ga-Pt and Ga-Rh phases, as reaction products.
To clarify the formation of Ga-Pt and Ga-Rh interfacial reaction products, a GXRD analysis was performed on the Pt/Rh contact annealed at 500°C as shown in Fig. 4 . The GXRD measurements show characteristic diffraction peaks for Pt and Rh. In addition, as expected from the AES depth profiles ͑Fig. 3b͒, the additional peaks shown in Fig. 4 indicate the formation of new interfacial phases such as GaPt 2 and Ga 9 Rh 2 . These results indicate that the low resistance in the ohmic contacts annealed at 500°C is due to the formation of Ga-Pt and Ga-Rh interfacial reaction products. 12 Thus, the improvement in the specific contact resistance and I-V characteristics of the annealed samples can be attributed to a reduction in the Schottky barrier height ͑SBH͒ since the gallide phases can play an important role in the reduction of the Schottky barrier height ͑SBH͒. 13 In addition, the reduced contact resistance may also be related to an increase in the contact area between the contact layers and the GaN as the result of the interfacial reactions. 9 Figure 6 shows that the optical power of FCLED with a Ni/Au/Ag reflector is slightly higher than that of FCLED with a Pt/Rh reflector scheme, but the calculated optical power efficiency ͑optical output power/electrical input power͒ of the FCLED with the Pt/Rh scheme is about the same as that of an FCLED with a Ni/Au/Ag scheme. These results show that the forward voltage of an FCLED with a Pt/Rh reflector scheme is lower than that of FCLED with a Ni/Au/Ag reflector scheme at the same power efficiency, suggesting that the Pt/Rh reflector scheme can be applied to produce efficient GaN-based FCLEDs.
Conclusions
The Pt͑8 nm͒/Rh͑200 nm͒ reflector scheme was proposed for an FCLED and the specific contact resistance was determined to be 2.0 ϫ 10 Ϫ3 ⍀ cm 2 for as-deposited Pt/Rh and 9.0 ϫ 10 Ϫ5 ⍀ cm 2 for the annealed Pt/Rh. It was also shown that the 500°C annealed contact also produces a high reflectance of 62% at 460 nm via the formation of a smooth interface. The AES depth profiles and GXRD results indicate that the low contact resistance of the annealed sample can be attributed to the formation of Ga-Pt and Ga-Rh intermetallic phases at the interface. The forward voltage of an FCLED with a Pt/Rh reflector scheme was 3.51 V and that of an FCLED with a Ni/Au/Ag reflector scheme was 4.15 V at an input current of 20 mA, indicating that the Pt/Rh reflector scheme is superior to the Ni/Au/Ag reflector scheme for GaN-based FCLEDs. 
